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New neutral vector bosons Z′ decaying to charged gauge boson pairs W+W− are predicted in
many scenarios of new physics, including models with an extended gauge sector such as E6, left-
right symmetric Z′LRS and the sequential standard model Z
′
SSM. For these benchmark models we
calculate and present theoretical expectations for different values of the Z′ mass M2 and mixing
parameter ξ. Our results are based on the narrow width approximation which allows to make a
convenient comparison of experiment to theoretical benchmark models. The diboson production
allows to place stringent constraints on the Z-Z′ mixing angle and the Z′ mass, which we determine
by using data from pp collisions at
√
s = 13 TeV recorded by the ATLAS detector at the CERN LHC,
with integrated luminosity of ∼ 36 fb−1. By comparing the experimental limits to the theoretical
predictions for the total cross section of Z′ resonant production and its subsequent decay into
W+W− pairs, we show that the derived constraints on the mixing angle for the benchmark models
are of the order of a few ×10−4, i.e., greatly improved with respect to those derived from the global
analysis of electroweak data. We combine the limits derived from diboson production data with
those obtained from the Drell–Yan process in order to significantly extend the exclusion region in
the M2-ξ parameter plane. Also, we demonstrate that further improvement on the constraining of
this mixing can be achieved through analysis of the full set of Run II data.
∗ boboilya@yandex.by
† Per.Osland@uib.no
‡ pankov@ictp.it
ar
X
iv
:1
80
9.
08
93
3v
2 
 [h
ep
-p
h]
  2
3 N
ov
 20
18
2I. INTRODUCTION
Neutral vector bosons, Z ′, are among the best motivated scenarios of physics beyond the Standard Model (SM)
[1]. Many new physics models beyond the SM [2], including superstring and left-right-symmetric models, predict the
existence of such bosons. They might actually be light enough to be accessible at current and/or future colliders. The
search for such neutral Z ′ gauge bosons is an important aspect of the experimental physics program of present and
future high-energy colliders.
Limits from direct production at the LHC and virtual effects at the Large Electron-Positron Collider (LEP), through
interference or mixing with the Z boson, imply that any new Z ′ boson is rather heavy and mixes very little with
the Z boson. Depending on the considered theoretical model, Z ′ masses of the order of 4.5 TeV [3, 4] and Z-Z ′
mixing angles at the level of 10−3 are already excluded [5, 6] (see also [7, 8]). These constraints come from the very
high-precision Z pole experiments at LEP and the Stanford Linear Collider (SLC) [9], including measurements from
the Z line shape, from the leptonic branching ratios (normalized to the total hadronic Z decay width) as well as from
leptonic forward-backward asymmetries. While these experiments were virtually blind to Z ′ bosons with negligible
Z-Z ′ mixing, precision measurements at lower and higher energies (away from the Z pole) attainable at TRISTAN
[10] and LEP2 [11], respectively, were able to probe the Z ′ exchange amplitude via its interference with the photon
and the SM Z boson.
However, as was shown in [12], the LHC at nominal collider energy of
√
s = 14 TeV and integrated luminosity of
Lint = 100 fb−1 has a high potential to improve significantly on the current limits on the Z-Z ′ mixing angle in the
diboson channel
pp→ (Z2 →W+W−) +X. (1)
This was demonstrated in a recent paper [13] for the “Altarelli Reference Model” [14], also known as the Sequential
Standard Model (SSM), by using the current ATLAS [15] and CMS [16] data collected at a center of mass energy
of
√
s = 13 TeV during searches for resonant W+W− diboson production. The SSM is often taken as a convenient
benchmark by experimentalists [17]. In this model, the new heavy gauge bosons Z ′SSM are considered heavy carbon
copies of the familiar Z, with the same coupling constants.
In ATLAS W+W− events are reconstructed via their semileptonic decays, where one W boson decays into a charged
lepton (l = e, µ) and a neutrino, and the other into two jets [15]. CMS collects data where both W bosons decay
hadronically with two reconstructed jets (dijet channel) [16]. The analysis presented below is based on pp collision
data at a center-of-mass energy
√
s = 13 TeV, collected by the ATLAS experiment (36.1 fb−1). We consider here
information provided by ATLAS in published papers and in the HEPDATA database [18]. We shall also comment
on the corresponding CMS result [16]. The data is used to probe the Z-Z ′ mixing and to interpret the results of the
present analysis within models with an extended gauge sector. Among these, models based on the E6 GUT group and
left-right symmetry groups have been extensively pursued in the literature and are particularly significant from the
point of view of LHC phenomenology. Here we extend our analysis presented in [13] for the SSM to various Z ′ models,
which include the E6 based Z
′
χ, Z
′
ψ, Z
′
η, and also the Z
′
LRS boson appearing in models with left-right symmetry. Thus,
our present analysis is complementary to the previous studies [13].
One should emphasize that we made a choice of particular benchmark models to represent different qualitative
features of those Z ′ models, such as the fact that those models typically involve an extra neutral Z ′ boson with
relatively narrow width (which however may become larger if non-SM particles are included in the decays in addition
to the SM states).
The W+W− pair production process (1) is very important for diagnostics of the electroweak gauge symmetry.
General properties of the weak gauge bosons are closely related to electroweak symmetry breaking and to the structure
of the gauge sector, like the existence and structure of trilinear couplings. Also, the diboson decay mode of the Z ′
probe the gauge coupling strength between the new and the SM gauge bosons [12, 13, 19–21]. In addition, the coupling
strength strongly influences the decay branching ratios and the natural widths of such a new gauge boson. Thus,
detailed examination of the process (1) will not only test the gauge sector of the SM with high accuracy, it will also
shed light on any new physics (NP) that may appear beyond the SM. Here, we examine the feasibility of observing
Z ′ boson effects in the W+W− pair production process at the LHC.
In contrast to the Drell-Yan (DY) process
pp→ Z ′ → `+`− +X, (2)
with ` = e, µ, the diboson process is not the principal discovery channel, but can help to understand the origin of new
gauge bosons.
At Tevatron energies, direct searches for heavy W+W− resonances have been performed by both the CDF and D0
collaborations. The D0 collaboration explored diboson resonant production up to masses ∼ O(700 GeV) using the
3pure leptonic `ν`′ν′ and semi-leptonic `νjj final states [22]. On the other hand, the CDF collaboration searched for
resonant W+W− production in the eνjj final state, resulting in a lower limit on the masses of Z ′ and W ′ bosons [7],
excluding masses up to O(900 GeV), depending on the mixing.
Previous searches for diboson (V V ) resonances at the LHC were carried out by the ATLAS and CMS collaborations
with pp collisions at
√
s = 7, 8 and 13 TeV. These include fully leptonic (`ν`ν, `ν``) [23–26], semileptonic (ννjj, `νjj,
``jj) [27–29] and fully hadronic (jjjj) V V [27, 29] final states. By combining the results of searches in the ννjj,
`νjj, ``jj and jjjj channels, the ATLAS Collaboration [27] set a lower bound of 2.60 TeV on the mass of a spin-1
resonance at the 95% confidence level, in the context of the heavy vector triplet model. The recent results presented
in [15, 16] by the ATLAS and CMS collaborations using, respectively, semileptonic and hadronic final-state events in
pp collision data at 13 TeV benefit from an integrated luminosity of ∼ 36 fb−1, which is an order of magnitude larger
than what was available for the previous search in the fully hadronic final state at
√
s = 13 TeV [27].
It should be noted that the future e+e− International linear collider (ILC) with high c.m. energies and longitudinally
polarized beams could indicate the existence of Z ′ bosons via its interference effects in fermion pair production
processes, with masses up to about 6×√s [30] while Z-Z ′ mixing will be constrained down to ∼ 10−4 − 10−3 in the
process e+e− →W+W− [20].
In this work, we derive bounds on a possible new neutral spin-1 resonance (Z ′) for the considered models from the
available ATLAS data on W+W− pair production [15]. We present results as constraints on the relevant Z-Z ′ mixing
angle introduced in Sect. II and on the MZ′ mass.
The paper is organized as follows. In Section II, we briefly describe the Z-Z ′ mixing and emphasize its role in the
process (1). In Sec. III we summarize the relevant cross section, in Sec. IV we study the Z2 → W+W− width and
then in Sec. V we show the resulting constraints on the M2-ξ parameter space, whereas in Sec. VI we discuss results
from the DY process qq¯ → Z2 → l+l−. In Sec. VII we collect and compare constraints from the diboson process with
those deduced from the Drell–Yan process, and in Sec. VIII we conclude.
II. Z-Z′ MIXING
Signals of Z ′ in representative models such as the E6 models, the LR model and the SSM have been extensively
studied in the literature [1] and explored at LEP2, the Tevatron and the LHC. For the present notation we refer to
[20], where also a brief description of the models can be found.
The mass-squared matrix of the Z and Z ′ can have non-diagonal entries δM2, which are related to the vacuum
expectation values of the fields of an extended Higgs sector:
M2ZZ′ =
(
M2Z δM
2
δM2 M2Z′
)
. (3)
Here, Z and Z ′ denote the weak gauge boson eigenstates of SU(2)L×U(1)Y and of the extra U(1)′, respectively. The
mass eigenstates, Z1 and Z2, which diagonalize the matrix (3), are obtained by a rotation of the fields Z and Z
′:
Z1 = Z cosφ+ Z
′ sinφ , (4a)
Z2 = −Z sinφ+ Z ′ cosφ . (4b)
The mixing angle φ is expressed in terms of masses as [1]:
tan2 φ =
M2Z −M21
M22 −M2Z
' 2MZ∆M
M22
, (5)
where the downward shift ∆M = MZ −M1 > 0, MZ being the mass of the Z1 boson in the absence of mixing, i.e.,
for φ = 0. We assume the mass M1 is determined experimentally, the mixing then depends on two free parameters,
which we identify as φ and M2, and we will adopt this parametrization throughout the paper. In the important limit
MZ′  (MZ ,∆M) one finds [1]
M1 ∼MZ MZ′ ∼M2. (6)
The mixing angle φ will play an important role in our analysis. Such mixing effects reflect the underlying gauge
symmetry and/or the Higgs sector of the model. For instance, in certain models one specifies not only the SU(2)
assignments but the U(1)′ assignments of the Higgs fields. To a good approximation, for M1  M2, in specific
“minimal Higgs” models, one has an additional constraint [31]
φ ' −s2W
∑
i〈Φi〉2Ii3LQ′i∑
i〈Φi〉2(Ii3L)2
= C M
2
1
M22
, (7)
4where sW is the sine of the electroweak angle. In these models φ and M2 are not independent and there is only one
(e.g., M2) free parameter. Furthermore, 〈Φi〉 are the Higgs vacuum expectation values spontaneously breaking the
symmetry, and Q′i are their charges with respect to the additional U(1)
′. In these models the same Higgs multiplets are
responsible for both generation of the mass M1 and for the strength of the Z-Z
′ mixing. Thus C is a model-dependent
constant.
From (4), one obtains the vector and axial-vector couplings of the Z1 and Z2 bosons to fermions:
v1f = vf cosφ+ v
′
f sinφ , a1f = af cosφ+ a
′
f sinφ , (8a)
v2f = v
′
f cosφ− vf sinφ , a2f = a′f cosφ− af sinφ , (8b)
with v′f and a
′
f the fermionic Z
′ couplings which can be found, e.g., in [20].
We will consider NP models where Z ′’s interact with charged gauge bosons W± via their mixing with the SM Z,
assuming that the Z ′ couplings exhibit the same Lorentz structure as those of the SM. An important property of the
models under consideration is that the gauge eigenstate Z ′ does not couple to the W+W− pair since it is neutral
under SU(2)L. Therefore the process (1) is sensitive to a Z
′ only in the case of a non-zero Z-Z ′ mixing. From (4a)
and (4b), one obtains:
gWWZ1 = cosφ gWWZ , (9a)
gWWZ2 = − sinφ gWWZ , (9b)
where gWWZ = cot θW
1. Also, gWWγ = 1.
In many extended gauge models, while the couplings to fermions are not much different from those of the SM, the
Z2WW coupling is substantially suppressed with respect to that of the SM. In fact, in the extended gauge models
the SM trilinear gauge boson coupling strength, gWWZ , is replaced by gWWZ → ξ · gWWZ , where ξ ≡ | sinφ| (see
Eq. (9b)) is the mixing factor. We will set cross section limits on such Z2 as functions of the mass M2 and ξ.
III. CROSS SECTION
The differential cross section for the process (1) from initial quark-antiquark states can be written as
dσ
dM dy dz
= K
2M
s
∑
q
[fq|P1(ξ1)fq¯|P2(ξ2) + fq¯|P1(ξ1)fq|P2(ξ2)]
dσˆqq¯
dz
. (10)
Here, s denotes the proton-proton center-of-mass energy squared, z ≡ cos θ, with θ the W−-boson–quark angle in
the W+W− center-of-mass frame, y the diboson rapidity and M the diboson W+W− invariant mass. Furthermore,
fq|P1(ξ1,M) and fq¯|P2(ξ2,M) are quark and antiquark distribution functions for the protons P1 and P2, respectively,
with ξ1,2 = (M/
√
s) exp(±y) the parton fractional momenta. Finally, dσˆqq¯/dz are the partonic differential cross
sections, to be specified below. In (10), the K factor accounts for higher-order QCD contributions. For numerical
computation, we use the CTEQ-6L1 parton distributions [35]. Our estimates will be at the Born level, thus the
factorisation scale µF enters only through the parton distribution functions, as the parton-level cross section at
this order does not depend on µF. As regards the scale dependence of the parton distributions we choose for the
factorization scale the W+W− invariant mass, µ2F = M
2 = sˆ, with sˆ = ξ1 ξ2 s the parton subprocess c.m. energy
squared. The obtained constraints presented in the following are numerically not significantly modified when µF is
varied in the range from µF/2 to 2µF.
The parton-level W+W− boson pair production can be described, within the gauge models discussed here, by the
subprocesses [12]
qq¯ → γ, Z1, Z2 →W+W−, (11)
as well as t- and u-channel Feynman diagrams displayed in Fig. 1.
The differential cross section for the processes qq¯ → W+W− described by Feynman diagrams depicted in Fig. 1
and averaged over quark colors, can be written as [2](
piα2emβW
NC sˆ
)−1
dσˆqq¯
dz
1 In our analysis, we ignore kinetic mixing [32]. Such mixing would introduce an additional parameter, and could modify the exclusion
reach (see, for example [33, 34]).
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FIG. 1. Leading-order Feynman diagrams for the qq¯ → γ, Z1, Z2 → W+W− process within the framework of extended gauge
models.
= [(Qq + v1qgWWZ1χ1 + v2qgWWZ2χ2)
2 + (a1qgWWZ1χ1 + a2qgWWZ2χ2)
2]A(sˆ, tˆ, uˆ)
+
1
2s2W
[Qq + (v1q + a1q)gWWZ1χ1 + (v2q + a2q)gWWZ2χ2][θ(−Qq)I(sˆ, tˆ, uˆ)− θ(Qq)I(sˆ, uˆ, tˆ)]
+
1
8s4W
[θ(−Qq)E(sˆ, tˆ, uˆ) + θ(Qq)E(sˆ, uˆ, tˆ)], (12)
where αem = 1/128.9, θ(x) = 1 for x > 0 and θ(x) = 0 for x < 0, NC being the color factor (NC = 3 for quarks), and
A(sˆ, tˆ, uˆ) =
(
tˆuˆ
M4W
− 1
)(
1
4
− M
2
W
sˆ
+ 3
M4W
sˆ2
)
+
sˆ
M2W
− 4,
I(sˆ, tˆ, uˆ) =
(
tˆuˆ
M4W
− 1
)(
1
4
− M
2
W
2sˆ
− M
4
W
sˆtˆ
)
+
sˆ
M2W
− 2 + 2M
2
W
tˆ
,
E(sˆ, tˆ, uˆ) =
(
tˆuˆ
M4W
− 1
)(
1
4
+
M4W
tˆ2
)
+
sˆ
M2W
. (13)
Here, sˆ, tˆ, uˆ are the Mandelstam variables defined as sˆ = M2, tˆ = M2W − sˆ(1 − βW z)/2, uˆ = M2W − sˆ(1 + βW z)/2;
χ1 = sˆ/(sˆ−M21 + iM1Γ1), χ2 = sˆ/(sˆ−M22 + iM2Γ2), Γ1,2 are total Z1,2 boson decay widths; and γW =
√
sˆ/2MW .
In the t- and u-channel exchanges of Fig. 1 we account for the initial q = u, d, s, c, only the CKM favoured quarks in
the approximation of unity relevant matrix element. The differential cross section for the processes qq¯ → W+W− in
the SM [2] can be reproduced from Eq. (12) if one ignores the effects of the Z-Z ′ mixing.
The differential cross section for the process qq¯ → Z2 →W+W−, averaged over quark colors, can now be obtained
from Eq. (12) and written as [12]
dσˆZ2qq¯
d cos θ
=
1
3
piα2em cot
2 θW
16 sˆ
β3W
(
v22,f + a
2
2,f
) |χ2|2
×
(
sˆ2
M4W
sin2 θ + 4
sˆ
M2W
(4− sin2 θ) + 12 sin2 θ
)
· ξ2. (14)
The resonant production cross section of process (1) at the hadronic level can be derived from Eqs. (10) and (14).
Specifically, the total cross section for the narrow Z2 state is derived from (10) by integrating the right-hand side over
6the full phase space. In the narrow width approximation (NWA), one obtains [12]:
σZ2 = σ(pp→ Z2)× Br(Z2 →W+W−) , (15)
where σ(pp → Z2) × Br(Z2 → W+W−) is the (theoretical) total Z2 production cross section times branching ratio
determined in the total phase space.
However, it turns out that the real situation is more complicated because the cross section for W+W− pair pro-
duction is measured indirectly via decay products of W ’s. In fact, the analysis performed in Sect. V is based on the
available ATLAS data of W+W− pair production with their subsequent decay into semileptonic final states [15] where
one W boson decays leptonically (W → `ν with ` = e, µ) and the other W boson decays hadronically (W → qq¯′ with
q, q′ quarks) which can be written as pp→ Z2 →W+W− → `±jj /ET where j stands for jets.
The cross section is measured in a fiducial phase space and also in the total phase space (see, e.g. [23, 36]). The
fiducial cross section σZ2fid for the pp→ Z2 →W+W− → `±jj /ET process is calculated according to the equation
σZ2fid =
Ndata −Nbkg
ε× Lint =
NZ2
ε× Lint , (16)
where Ndata and Nbkg are the number of observed data events and estimated background events, respectively, N
Z2
the number of signal events for a narrow Z2 resonance state, ε is defined as the ratio of the number of events satisfying
all selection criteria to the number of events produced in the fiducial phase space and is estimated from simulation.
Lint is the integrated luminosity of the data sample.
The total cross section σZ2 for the pp→ Z2 →W+W−+X process is calculated for each channel using the equation
σZ2 =
NZ2
ε×A× BR× Lint , (17)
where A represents the kinematic and geometric acceptance from the total phase space to the fiducial phase space,
and BR is the branching ratio for both W bosons decaying into lν
⊕
jj. In other words, the overall acceptance times
trigger, reconstruction and selection efficiencies (A×ε) is defined as the number of signal events passing the full event
selection divided by the number of generated events. The total cross section σZ2 is this physical quantity that is
measured experimentally at the LHC and which will be used in our analysis performed in Sect. V.
IV. THE Z2 WIDTH
In the calculation of the total width Γ2 we consider the following channels: Z2 → ff¯ , W+W−, and Z1H [37],
where H is the SM Higgs boson and f are the SM fermions (f = l, ν, q). Throughout the paper we shall ignore the
couplings of the Z2 to beyond-SM particles such as right-handed neutrinos, SUSY partners and any exotic fermions
in the theory, which all together may increase the width of the Z2 by up to about a factor of five [38] and hence lower
the branching ratio into a W+W− pair by the same factor.
TABLE I. Ratio Γff2 /M2 for the χ, ψ, η, LRS and SSM models.
Z2 Γ2/M2 [%]
χ 1.2
ψ 0.5
η 0.6
LRS 2.0
SSM 3.0
The total width Γ2 of the Z2 boson can be written as follows:
Γ2 =
∑
f
Γff2 + Γ
WW
2 + Γ
Z1H
2 . (18)
The presence of the two last decay channels, which are often neglected at low and moderate values of M2, is due to
Z-Z ′ mixing. Note, that the widths of these two bosonic modes W+W− and Z1H do not depend on unknown masses
of the final states such as heavy scalars that may enter in some other exotic diboson channels which we here ignore.
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FIG. 2. Branching fraction Br(Z2 → W+W−) vs M2 for the χ model (left panel) and the η model (right panel). Labels
attached to the curves correspond to a range of values of the mixing factor ξ from 0.01 and down to 0.0005, where values larger
than the limits obtained from the electroweak precision data, ξEWχ = 1.6 · 10−3 in the left panel and ξEWη = 4.7 · 10−3 in the
right panel, are shown only for illustrative purposes.
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FIG. 3. Same as in Fig. 2 but for the ψ model with ξEWψ = 1.8 · 10−3 (left panel) and for the LRS model with ξEWLRS = 1.3 · 10−3
(right panel).
The fermion contribution,
∑
f Γ
ff
2 , depends on the number ng of generations of heavy exotic fermions which can
contribute to the Z2 decay without phase space suppression. This number is model dependent too, and introduces a
phenomenological uncertainty. For the range of M2 values below ∼ 3− 4 TeV, the dependence of Γ2 on the values of
ξ (within its allowed range) induced by
∑
f Γ
ff
2 , Γ
WW
2 and Γ
Z1H
2 is unimportant. Therefore, in this mass range, one
can approximate the total width as Γ2 ≈
∑
f Γ
ff
2 , where the sum runs over SM fermions only. The ratios of Γ
ff
2 /M2
for the benchmark models are summarized in Table I. One can appreciate the narrowness of the Z2 pole from this
Table I.
However, for large Z2 masses, M2 > 4 TeV, there is an enhancement that cancels the suppression due to the
tiny Z-Z ′ mixing parameter ξ [39]. While the “Equivalence theorem” [40] might suggest a value for Br(Z2 → Z1H)
comparable to Br(Z2 → W+W−) up to electroweak symmetry breaking effects and phase-space factors, the Z2Z1H
coupling is quite model dependent [37, 41]. We take an approach as model-independent as possible, and for numerical
illustration show our results in two simple scenarios. In the first scenario (adopted in the bulk of the paper), we treat
the model as effectively having a suppressed partial width of Z2 → Z1H with respect to that of Z2 → W+W−, i.e.
ΓZ1H2  ΓWW2 , so that one can ignore the former. In this case, numerical results with our treatment will serve as
an upper bound on the size of the signal. The second scenario concerns the situation when both partial widths are
comparable, ΓZ1H2 ' ΓWW2 for heavy M2 [37, 41, 42]. We will start our analysis from the first scenario and then make
comments on the second one emphasizing the implication of the decay channel Z2 → Z1H for diboson resonance
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FIG. 4. Same as in Fig. 2 but for the SSM model with ξEWSSM = 2.6 · 10−3.
searches in the process (1) at the LHC. In that latter case, one can expect that Γ2 would be larger, with a suppression
in the branching ratio to W+W−, and the bounds from LHC (and the ability for observing the Z-Z ′ mixing effect)
would be reduced.
Notice that for all M2 values of interest for LHC the width of the Z2 boson is considerably smaller than the
experimental mass resolution ∆M for which we adopt the parametrization in reconstructing the diboson invariant
mass of the W+W− system, ∆M/M ≈ 5%, as proposed, e.g., in [27, 43].
The expression for the partial width of the Z2 →W+W− decay channel can be written as [14]:
ΓWW2 =
αem
48
cot2 θW M2
(
M2
MW
)4(
1− 4 M
2
W
M22
)3/2 [
1 + 20
(
MW
M2
)2
+ 12
(
MW
M2
)4]
· ξ2. (19)
The dominant term in the second line of Eq. (14), for M2  M2W , is proportional to (M/MW )4 sin2 θ and corre-
sponds to the production of longitudinally polarized W ’s, Z2 → W+LW−L . This strong dependence on the invariant
mass results in a very steep growth of the cross section with energy and therefore a substantial increase of the cross
section sensitivity to Z-Z ′ mixing at high M . In its turn, for a fixed mixing factor ξ and at large M2 where ΓWW2
dominates over
∑
f Γ
ff
2
2 the total width increases rapidly with the mass M2 because of the quintic dependence on
the Z2 mass of the W
+W− mode as shown in Eq. (19). In this case, the W+W− mode becomes dominant and
Br(Z2 →W+W−)→ 1, while the fermionic decay channels (Γff2 ∝M2) are increasingly suppressed.
As was mentioned in Sec. I, for models based on the E6 GUT and left-right symmetry groups, the Z-Z
′ mixing
angles (and ξ) were excluded at the level of a few per mil [5]. These limits on the mixing parameter were obtained
from an analysis of the Z ′ extended models under consideration against available electroweak (EW) precision data
and are summarized in Table II.
All these features are demonstrated in Figs. 2–4, where we plot Br(Z2 → W+W−) vs M2 for various Z ′ models
and mixing factor ξ ranging from 0.0005 to 0.01. As reference, we also show the branching ratio corresponding to
ξ = ξEW, the bound obtained from the electroweak precision data [5]. Values of ξ larger than ξEW are shown only for
illustrative purposes. It should be stressed that the boost of the branching ratio for high values of M2, illustrated in
these figures, plays an important role in the following analysis.
We also note that the branching ratios of the different models are ordered in the following manner
Br(Z2 →W+W−)SSM < Br(Z2 →W+W−)LRS < Br(Z2 →W+W−)χ < Br(Z2 →W+W−)η < Br(Z2 →W+W−)ψ.
(20)
This will be reflected in the bounds obtained.
2 Here we follow the first scenario, assuming ΓZ1H2 = 0.
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FIG. 5. Observed and expected 95% C.L. upper limits on the production cross section times the branching fraction for
Z2 →W+W− as a function of the Z2 mass, M2, taken from Fig. 7a of Ref. [15], showing ATLAS data for 36.1 fb−1. Theoretical
production cross sections σ × Br(Z2 → W+W−) for the χ and η models (upper and lower panels, respectively) are calculated
from PYHTHIA 8.2 with a K-factor of 1.9, and given by dash-dotted curves, for mixing factor ξ ranging from 0.01 and down
to 0.0005. Also, the cross section indicated by the solid line corresponds to the mixing parameter ξEWmodel. The area indicated by
gray corresponds to the region where the Z2 resonance width is predicted to be less than 5% of the resonance mass, in which
the narrow-resonance assumption is satisfied. The lower boundary of the region excluded by the unitarity violation arguments
is also indicated.
V. CONSTRAINTS FROM THE DIBOSON PROCESS
Here, we present an analysis, employing the most recent measurements of diboson processes provided by ATLAS
[15]. We show in Figs. 5–7 the observed and expected 95% C.L. upper limits on the production cross section times
the branching fraction, σ × Br(Z2 → W+W−)95%, as a function of the Z2 mass, M2. The data analyzed comprises
pp collisions at
√
s = 13 TeV, recorded by the ATLAS (36.1 fb−1) detector [15] at the LHC. As mentioned above,
ATLAS [15] analyzed the W+W− production in the process (1) through the semileptonic final states.
Then, for Z2 we compute the LHC production cross section multiplied by the branching ratio into two W bosons,
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FIG. 6. Same as in Fig. 5 but for the the ψ model (upper) and the LRS model (lower panel).
σ ×Br(Z2 →W+W−)theory, as a function of the two parameters (M2, ξ), and compare it with the limits established
by the ATLAS experiment, σ × Br(Z2 → W+W−)95%. Our strategy in the present analysis is to adopt the SM
backgrounds that have been carefully evaluated by the experimental collaborations and simulate only the Z2 signal.
In these figures, the inner (green) and outer (yellow) bands around the expected limits represent ±1σ and ±2σ
uncertainties, respectively. The theoretical production cross sections σ × Br(Z2 → W+W−)theory for Z2 bosons of
the benchmark models, are calculated from PYHTHIA 8.2 [44] adapted for such kind of analysis. Higher-order QCD
corrections to the signal were estimated using a K-factor, for which we adopt a mass-independent value of 1.9 [45–47].
These theoretical curves for the cross sections, in descending order, correspond to values of the Z-Z ′ mixing factor
ξ from 0.01 to 0.0005. The intersection points of the expected (and measured) upper limits on the production cross
section with these theoretical cross sections for various ξ give the corresponding lower bounds on (M2, ξ), to be
summarized in Sec. VII.
The signature space depicted in Figs. 5–7 is limited by the assumption that the resonance sought is narrow. The
shaded area represents the region where the theoretical width Γ2 is smaller than the experimental resolution ∆M
(≡ σexp) of the searches, and thus where the narrow-resonance assumption is satisfied. This region is defined by a
predicted resonance width, relative to its mass, of at most 5%, corresponding to the best detector resolution of the
searches.
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In addition, in Figs. 5–7 we plot curves labelled “Unitarity limit” that correspond to the unitarity bound (see, e.g.
[48] and references therein, where it was shown that the saturation of unitarity in the elastic scattering W+W− →
W+W− leads to the constraint gZ′WWmax = gZWW · (MZ/
√
3MZ′)). This constraint was adopted in plotting the
unitarity bound. It was obtained under the assumption that the couplings of the Z ′ to quarks and to gauge bosons
have the same Lorentz structure as those of the SM, but with rescaled strength.
The signature space displayed in Figs. 5–7 bounded by the curve labelled ξEW and the curve corresponding to the
95% C.L. upper limits, σ × Br(Z2 → W+W−)95%, is excluded by the ATLAS experiment. It is interesting to note
that for some range of mixing parameters ξ the Z2 mass may be excluded up to approximately 5 TeV at 95% C.L.,
which slightly exceeds the sensitivity of the DY process.
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FIG. 8. Solid: observed 95% C.L. upper bound on the Z2 production cross section times branching ratio to two leptons,
σ×Br(Z2 → l+l−)95%, obtained at the LHC with integrated luminosity Lint=36.1 fb−1 by the ATLAS collaboration [3]. Dash-
dotted: theoretical production cross section σ×Br(Z2 → l+l−)theory for the ψ model Z2 boson, calculated from PYHTHIA 8.2
with a K-factor of unity. These curves in descending order correspond to values of mixing factor ξ from 0 to 0.01.
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VI. CONSTRAINTS FROM THE DRELL–YAN PROCESS
The above analysis was for the diboson process (1), employing the most recent ATLAS measurements [15]. Next,
we turn to the Drell–Yan process, this process gives valuable complementary information. We compute the Z2
production cross section at the LHC, σ, multiplied by the branching ratio into two leptons, l+l− (l = e, µ), i.e.,
σ×Br(Z2 → l+l−)theory, as a function of M2, and compare it with the upper limits established by the experiment [3]
for 36.1 fb−1. Results for σ × Br(Z2 → l+l−)95% are shown in Fig. 8. To account for next-to-next-to-leading order
(NNLO) effects in the QCD strong coupling constant, the leading order (LO) cross sections calculated with PYHTHIA
8.2 [44] are multiplied by a mass-independent K-factor. The value of the K-factor is estimated at a dilepton invariant
mass of 3.0− 4.5 TeV and found to be consistent with unity [3, 4].
For illustrative purposes we show theoretical production cross sections σ × Br(Z2 → l+l−)theory for the Z2 boson
for only one representative model, ψ, given by the dash-dotted curves in Fig. 8. These curves, in descending order
correspond to values of the mixing factor ξ from 0.0 to 0.01. Qualitatively, the decrease of the theoretical cross section
with increasing values of ξ can be understood as follows: For increasing ξ, the Z2 →W+W− mode will at high mass
M2 become more dominant (as illustrated in Figs. 2–4), and Br(Z2 → l+l−) will decrease correspondingly. Notice
also, that applying a mass dependent K-factor (which for this process is less than 1.04), the ψ model mass limit of
the Z2 changes by only ∼ O(50 GeV), justifying the use of the simpler mass-independent K-factor [3, 4].
Comparison of σ × Br(Z2 → l+l−)theory vs σ × Br(Z2 → l+l−)95% displayed in Fig. 8 allows us to read off an
allowed mixing for a given mass value, higher masses are allowed for smaller mixing, for the reason stated above. This
analysis, illustrated here for the ψ model can also be performed for the other benchmark models under consideration.
That comparison can be translated into constraints on the two-dimensional M2-ξ parameter plane, as will be shown
in the next section.
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FIG. 9. 95%C.L. exclusion regions in the (M2, ξ) plane of for the χ model (left panel) and the η model (right panel)
obtained from the diboson process, given by the boundary of the shaded region. Also shown is the exclusion from the precision
electroweak (EW) data [5]. The steep curves labelled “excluded by DY LHC@13 TeV” show the exclusion based on the dilepton
channel [3]. The unitarity limit and the upper bound for validity of the NWA are shown as dashed curves. Finally, we show an
extrapolation of the expected diboson exclusion that may be achieved with 150 fb−1 of data in Run II.
VII. SUMMARIZING CONSTRAINTS ON THE Z-Z′ MIXING
As described above, both the diboson mode and the Drell–Yan process yield limits on the (M2, ξ) parameter space.
These are rather complementary, as shown in Figs. 9–11, where we collect these and other limits for the considered
benchmark models. The limits arising from the diboson channel are basically excluding large values of ξ, strongest at
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FIG. 10. Same as in Fig. 9 but for the ψ model (left panel) and the LRS model (right panel).
intermediate masses M2 ∼ 2− 4 TeV. The limits arising from the DY channel, on the other hand, basically exclude
masses M2 <∼ 4 TeV, with only a weak dependence on ξ. Also, we show the unitarity limits discussed above, as well
as the upper bound for the validity of the NWA, both as dashed lines.
Interestingly, these figures show that at high Z2 masses, the limits on ξ obtained from the ATLAS diboson resonance
production search at 13 TeV are substantially stronger than those derived from the global analysis of the precision
electroweak data [5], which are also displayed. In Fig. 11, which is dedicated to the SSM model, we display limits on
the Z2 parameters from the Tevatron exclusion [7], the latter also based on the assumption that no decay channels
into exotic fermions or superpartners are open.
Furthermore, we have extrapolated the experimental sensitivity curves for higher expected luminosity downwards
by a factor of 1/
√
D, where D is the ratio of the expected integrated luminosity of 150 fb−1 that will presumably be
collected by the end of Run II, to the already analyzed integrated luminosity of 36.1 fb−1 in the ATLAS experiment.
It is clear that further improvement on the constraining of this mixing can be achieved from the analysis of such data.
It is easy to see that the exclusion constraint on ξ at fixed M2 scales as ∼ L−1/4int when statistical errors dominate.
This scaling law ∼ L−1/4int for the exclusion bound is an excellent approximation to what is demonstrated in Figs. 9–11
and in Table II.
TABLE II. Constraints on the Z-Z′ mixing parameter ξ at 95% C.L. in different models, processes and experiments.
collider, process model Z′χ Z
′
ψ Z
′
η Z
′
LRS Z
′
SSM @M2 (TeV)
LEP2, e+e− →W+W− [8] ξ[10−2] 6 15 50 12 7 ≥ 1
Tevatron, pp¯→W+W− +X [7] ξ[10−2] – – – – 2 0.4–0.9
electroweak (EW) data [5] ξEW[10−3] 1.6 1.8 4.7 1.3 2.6 –
LHC@13 TeV, W+W− ATLAS data with 36.1 fb−1 (this work) ξ[10−3] 0.6 0.5 0.4 0.5 0.4 0.5–5.0
LHC@13 TeV, W+W− Run II, (extrap. 150 fb−1) (this work) ξ[10−3] 0.4 0.3 0.3 0.3 0.3 0.5–5.0
ILC@0.5 TeV, 0.5 ab−1, e+e− →W+W− [20] ξ[10−3] 1.5 2.3 1.6 1.4 1.2 ≥ 3
ILC@1.0 TeV, 1.0 ab−1, e+e− →W+W− [20] ξ[10−3] 0.4 0.6 0.5 0.4 0.3 ≥ 3
In Table II, we collect our limits on the Z2 parameters for the benchmark models. Also shown in Table II are the
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FIG. 11. Same as in Fig. 9 but for the SSM model.
current limits on the Z-Z ′ mixing parameter ξ from LEP2 and Tevatron, derived from studies of diboson W+W− pair
production. The limits on ξ at the Tevatron assume (as does the present study) that no decay channels into exotic
fermions or superpartners are open to the Z2. Otherwise, the limits would be moderately weaker. LEP2 constrains
virtual and Z-Z ′ boson mixing effects by the angular distribution of W bosons. Table II shows that the limits on ξ
from the EW precision data are generally competitive with the future collider, ILC@0.5 TeV, and they are typically
stronger than those from the preceding “low” energy colliders such as the Tevatron and LEP2. The LHC limits
obtained at current c.m.s. pp energy, 13 TeV, and time-integrated luminosity, Lint = 36.1 fb−1, will improve the EW
limits by a factor of order 3–10.
VIII. CONCLUDING REMARKS
The diboson production at LHC@13 TeV allows to place stringent constraints on the Z-Z ′ mixing angle and Z2
mass, M2. We derived limits on the mass and the Z-Z
′ mixing angle of the neutral Z2 bosons by using data from pp
collisions at
√
s = 13 TeV and recorded by the ATLAS detector at the CERN LHC, with integrated luminosity of ∼
36 fb−1. By comparing the experimental limits to the theoretical predictions for the total cross section of Z2 resonant
production and its subsequent decay into W+W− pairs, we show that the derived constraints on the Z-Z ′ mixing
angle for the benchmark models are of the order of a few× 10−4, greatly improved with respect to those derived from
the global analysis of electroweak data. Further improvement on the constraining of this mixing can be achieved from
the analysis of data to be collected at higher luminosity expected in Run II. We also show that only the future e+e−
linear collider ILC with polarized beams and with very high energy and luminosity,
√
s = 1 TeV and Lint = 1 ab−1,
may have a chance to compete with the LHC operating with presently used energy and luminosity.
Now, let us return to the issue concerning the second scenario considered in Sect. III. That scenario assumes
that the partial widths are related, ΓZ1H2 = Γ
WW
2 for heavy M2. Then Γ2 would be larger by some factor, with
a corresponding suppression in the branching ratio to W+W−, and the bounds from the LHC would be weaker.
However, our calculations show that accounting for the contribution of the Z2 boson decay channel, Z2 → Z1H, to
the total width Γ2 does not dramatically change the bounds on the mixing parameter ξ obtained in the first scenario
where ΓZ1H2 = 0. Namely, it turns out that the constraints on Z-Z
′ mixing are relaxed by at most 20-25% for the
higher Z2 masses.
In this paper, for the sake of compactness of the graphic material, we limited ourselves to an analysis of experimental
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data from the ATLAS detector only. Our further analysis shows that the corresponding CMS data [16] yields bounds
on the mixing parameter ξ and the Z2 boson mass that agree with the results based on ATLAS data. In addition, our
recent comparative analysis presented in Ref. [13], based on the preliminary experimental data of the CMS detector
at integrated luminosity of 35.9 fb−1 at 13 TeV agree with that performed with ATLAS data, confirming the equal
sensitivity of the W -pair production process to Z ′ parameters within the SSM model.
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